The taxonomy of southeast Asian gastrocoptine pupillid micro land snails is based almost entirely on shell morphological characters, with an emphasis on apertural barriers. We aimed to test the phylogenetic utility of these characters by constructing a molecular phylogeny, based on nuclear (28S rDNA) and mitochondrial (16S rDNA) ribosomal gene fragments, for a cross-section of Thai gastrocoptine diversity (15 species). Although characterized by high levels of genetic differentiation and homoplasy, our molecular dataset provided a number of novel insights into gastrocoptine evolution and systematics. Nominal conspecifics of three genera with replicate samples (Gyliotrachela, Hypselostoma and Anauchen) occupied contiguous sections of treespace; however, all three were paraphyletic. Two inferred examples of reductive loss in apertural lamellae were encountered: Aulacospira smaesarensis was firmly nested within an otherwise exclusively Gyliotrachela tip clade; the leaf-litter-dwelling Hypselostoma panhai exhibited striking conchological differentiation from its geographically proximate rock-dwelling sister taxon H. erawan. Our results caution against the unquestioned use of apertural dentition characteristics as diagnostic generic characters, imply that ecological transitions can lead to rapid morphological change, and suggest that a comprehensive sampling of both rock and leaf-litter lineages is required to fully flesh out phylogenetic relationships among regional pupillid microsnails. Our findings also emphasize the utility of geographically proximate gastrocoptine taxa to establishing sister relationships for locally endemic species, irrespective of apparent morphological similarity. However, not all Thai gastrocoptines have localized ranges; Krobylos maehongsonensis has apparently experienced geographically extensive patterns of gene flow and colonization.
INTRODUCTION
Relatively few land snail radiations have attained a world-wide distribution and the Pupilloidea (infraorder Orthurethra) are one of the two stylommatophoran superfamilies that have endemic representatives on all continents, excluding Antarctica (Pilsbry, 1935; Solem, 1981) . The Pupilloidea are generally minute (<4 mm in length), are often referred to as micro land snails, and are found in both terrestrial and arboreal habitats (Solem, 1981) . Their taxonomy was primarily developed by Pilsbry (1916 Pilsbry ( -1918 Pilsbry ( , 1935 , Steenberg (1925) and Baker (1935) , based on shell and some anatomical characters. Pilsbry (1935) and Baker (1935) partitioned one of the constituent families, the Pupillidae, into five subfamilies (Pupillinae, Gastrocoptinae, Vertigininae, Nesopupinae and Orculinae), although others have expressed a range of differing interpretations concerning familial and sub-familial assignations (Steenberg, 1925; Thiele, 1935; Zilch, 1959; Vaught, 1989) .
Our study is concerned with Thai representatives of the Gastrocoptinae, which occur in two very distinct habitats: forest leaf litter and, more commonly, on the rock surfaces of limestone karst hills (Benthem Jutting, 1950) . Obligate limestone rock dwellers frequently have highly modified adult shell morphologies in which the last body whorl is uncoiled into a trumpet-shaped extension separating the shell aperture from the main body whorls (Pilsbry, 1916 (Pilsbry, -1918 . Karst hill habitat in southeastern Asia is typically discontinuous and many individual hills, or regional groupings, are isolated geographically from their nearest neighbours. It is not surprising, therefore, to find that gastrocoptine taxa are often restricted to specific hills or hill clusters and that isolated hill ranges typically display highly differentiated faunas (Benthem Jutting, 1950) . There are some exceptions to this generality, such as Gyliotrachela hungerfordiana Möllendorff, which has an extensive geographic range, possibly due to a proposed lack of exclusivity to karst hill habitats (Schilthuizen, Vermeulen, Davison & Gittenberger, 1999) .
Southeast Asian pupillid microsnail taxonomy has been developed by a variety of workers (Blanford, 1863; Stoliczka, 1871 Stoliczka, , 1873 Möllendorff, 1881 Möllendorff, , 1894 Bavay & Dautzenberg, 1908 , 1909 , 1912 Pilsbry, 1916 Pilsbry, -1918 Tweedie, 1947; Benthem Jutting, 1949 , 1950 , 1960 , 1961 , 1962 Thompson & Dance, 1983) . Thai gastrocoptines were largely ignored until relatively recently. However, this deficiency is being rapidly addressed by the publication of a growing series of studies (Thompson & Lee, 1988; Thompson & Upatham, 1997; Panha, 1997a-c; Panha & Burch, 1998 , 1999 , 2001 Burch & Panha, 2000; Burch, Panha & Tongkerd, 2002) . Present-day southeast Asian gastrocoptine taxonomic hierarchies are primarily based on shell morphological characters: shape, sculpture, striation, apertural barriers and embryonic shell morphology, although generic-level distinctions are becoming increasingly tenuous as more taxa are included (Thompson & Dance, 1983) . A total of 12 Gastro-MOLECULAR PHYLOGENY OF CERTAIN THAI GASTROCOPTINE  MICRO LAND SNAILS (STYLOMMATOPHORA: PUPILLIDAE)  INFERRED FROM MITOCHONDRIAL AND NUCLEAR  RIBOSOMAL DNA SEQUENCES coptinae genera have been distinguished in Thailand and the conchological characters used to distinguish the five genera we were able to include in this study are summarized in Table 1 . This shell-based taxonomic system has not been tested with an independent character set. We aimed to do so in this study by constructing a molecular phylogeny, based on nuclear and mitochondrial ribosomal gene fragments, of a cross-section of Thai Gastrocoptinae, including a significant number of newly described species (Burch et al., 2002) .
MATERIAL AND METHODS
The 20 pupillid micro land snail species examined in this study are listed in Table 2 , including details of sampling localities and habitat. Replicate sets of voucher specimens have been deposited in the collections of the Chulalongkorn University Museum of Zoology (CUMZ 000101-24) and in the Mollusc Division of the University of Michigan's Museum of Zoology (UMMZ 300052-75). Species identifications were determined by S. Panha and P. Tongkerd, and confirmed by J. B. Burch. Pupillid specimens were prepared for scanning electron microscopy by removing external debris using a fine paint brush, dehydration in 95% ethanol followed by air drying and goldcoating steps prior to viewing with JEOL (JSM-5410 LV) scanning electron microscope (SEM) at The Scientific and Technological Research Equipment Centre (STREC), Chulalongkorn University. Molecular analyses were performed at the Museum of Zoology, University of Michigan. Total genomic DNA was isolated from 95%-ethanol-preserved foot tissue, or the whole animal, using a DNeasy Tissue Kit (Qiagen, Chatsworth, CA, USA). Fragments of two ribosomal genes, the mitochondrial large subunit (16S, c. 500 nt) and the nuclear large subunit (28S, c. 650 nt), were amplified from template DNA by polymerase chain reaction (PCR). The 16S target fragment was amplified using primers 16Sar and 16Sbr (Kessing et al., 1989) with Taq DNA polymerase (Buffer A; Promega, Madison, WI, USA). Domain 2 of the large nuclear ribosomal subunit was amplified using primers 28SF4 and 28SR5 (Morgan et al., 2002) , and FastStart Taq DNA polymerase (Roche Applied Science, Indianapolis, IN, USA). A common touchdown protocol (Palumbi, 1996) was used for all PCR reactions [after 4 min denaturation at 94°C, the initial annealing temperature of 65°C was decreased by 2°C/cycle (40 s denaturing at 94°C, 40 s annealing and 1.5 min extension at 72°C) until the final annealing temperature (45-50°C for 16S and 50-55°C for 28S) was reached and subsequently maintained for an additional 30 cycles (all denaturation was performed at 95°C when FastStart Taq was used)] and a negative control (no template) was included in each amplification run. PCR products were gel-purified (1% agarose) and sequencing templates were prepared using a QIAEX QXII Gel Extraction Kit (Qiagen). Direct, cycle sequencing reactions were performed using BigDye Terminator Cycle Sequencing Ready Reaction (Perkin-Elmer Applied Biosystems, Palo Alto, CA, USA) with the respective original PCR primers for both strands of amplified products. Sequencing products were either electrophoresed on an UMMZ ABI 377 automated DNA sequencer (Perkin-Elmer) or sent to the University of Michigan Sequencing Core Facility. All of the gene fragments utilized in this study have been deposited in GenBank: accession numbers AY187566-89 for mt 16S and AY189454-77 for nuclear 28S sequences. P. TONGKERD ET AL. Table 1 . Shell characters used to distinguish the five pupillid microsnail genera studied (Pilsbry, 1917; Burch & Panha, 2000 Resulting chromatograms were edited manually by comparing both strands for all taxa using Sequence Navigator 1.0.1 (Applied Biosystems). The 16S mitochondrial and 28S nuclear ribosomal DNA fragments were compiled with Sequence Monkey ver. 2.9.0 (Graf, 2000) and aligned using Clustal_X . The alignment was refined manually where necessary. Both alignments can be downloaded from the Journal of Molluscan Studies webpage (www.mollus.oupjournals.org). In order to test if each data set has a hierarchical structure, the degree of skewness (g 1 ; Hillis & Huelsenbeck, 1992 ) was calculated (100,000 randomly sampled trees) and permutation tail probability (PTP; Archie, 1989) analyses were conducted (1,000 replicates) using PAUP* ver. 4.0b10 (Swofford, 2002) . To assess the degree of saturation, pairwise base difference values for each gene fragment were compared with respective maximum parsimony (MP) branch lengths (Philippe et al., 1994) . MP steps for both 16S and 28S were counted over the topology of the combined (16S ϩ 28S) phylogeny. The pairwise base difference and branch length were determined using PAUP*, and the Branch Swinger 1.0.1 (Graf, 2001 ) was used to generate text files containing all pairwise comparisons. In addition, the incongruence length difference (ILD) test (Farris et al., 1994) was performed (1,000 random replications) using PAUP* to assess character congruence between 16S and 28S data sets.
The 16S and 28S datasets were analysed as either individual or combined (16S ϩ 28S) matrices. Phylogenetic analyses were conducted on each partition and on the combined matrix under MP as well as maximum likelihood (ML) optimality criteria using PAUP*, and the two vallonids and one stobiolopsid were designated as outgroup taxa. MP analyses were performed using heuristic search option with 100 random stepwise additions and tree bisection-reconnection (TBR) branchswapping. Characters were unordered and equally weighted, and inferred sequence gaps were considered as missing data. Branch support levels were estimated with bootstrapping (Felsenstein, 1985) (1,000 replications, heuristic searches, 10 random additions each), and also with Bremer decay index values (Bremer, 1994 ) calculated using TreeRot ver. 2 (Sorenson, 1999), which generates a constraint file for PAUP*.
An MP tree was used to estimate the log-likelihood scores using PAUP* and then the best-fit ML model for each partition was determined by hierarchical likelihood ratio tests using Modeltest 3.06 (Posada & Crandall, 1998) . ML analyses were conducted using a heuristic search option in which the parameter values under the best-fit model were fixed and a MP tree was used as a starting point for TBR branch swapping. Several iterations of model parameter re-estimation on the resulting tree and subsequent heuristic search were performed until the parameter values were stabilized. Bootstrap estimates for ML topology were assessed with 100 replicates using the 'fast' stepwise-addition option for heuristic searches.
RESULTS
Qualitative assays of both 16S and 28S gene fragments indicated that significant hierarchical information was contained in the two datasets. Highly skewed [g 1 ϭ -0.947 (P < 0.01) and g 1 ϭ -0.517 (P < 0.01), respectively] distributions were obtained for 10 5 randomly sampled trees (Hillis & Huelsenbeck, 1992 ) and all of 1,000 random permutation trials (PTP test) resulted in higher tree lengths (Archie, 1989) . Nevertheless, phylogenetic trees generated from these datasets were characterized by a preponderance of poorly supported nodes as determined by low bootstrap and decay-index values. To explore this issue further, we compared the ratio of pairwise divergence values to estimated maximum parsimony steps for both gene fragments to an idealized plot expected in the absence of multiple hits (Fig. 1) . For both 16S and 28S datasets, close agreement among observed and idealized values was obtained only for a small fraction of pairwise comparisons among the least diverged genotypes (Fig. 1) . This strongly indicates that phylogenetic signal in both mitochondrial and nuclear datasets has been diluted by considerable homoplasy.
Partition-homogeneity (ILD; Farris et al., 1994) analysis of both mitochondrial and nuclear ribosomal datasets indicated that they were not significantly incongruent (P ϭ 0.294) and we amalgamated them to perform combined phylogenetic analyses. Tree statistics obtained from MP and ML analyses on individual as well as combined datasets are shown in Table 3 . Figure 2 shows the ML tree topology obtained for the combined dataset. The Thai microsnail topological relationship generated by MP analysis differed slightly in that two relatively weak nodes, present in the maximum likelihood tree, collapsed (indicated by asterisk in Fig. 2) . A notable feature of the combined tree topology is that, although we have included 15 Thai gastrocoptine species, only two terminal sister-species relationships were well supported by both ML and MP bootstrap values: Hypselostoma erawan and H. panhai, Gyliotrachela kohrin and G. diarmaidi. The other two well-supported interspecific nodes among the Thai taxa are the stem node for the entire Thai clade and the stem node for the predominently Gyliotrachela clade [G. saraburiensis (G. surakiti (Aulacospira smaesarensis (G. diarmaidi, G. kohrin)))]. Our subsampling of Gyliotrachela and Hypselostoma, the two most speciose southeast Asian gastrocoptine genera, did not recover either as monophyletic, although all 11 nominal members of both genera sampled formed a weakly supported paraphyletic clade. (Fig. 2) . The remaining four Thai gastrocoptine taxa formed a less than robust paraphyletic Anauchen/ Krobylos clade.
A number of interesting geographical associations are evident in our phylogenetic tree topology (Fig. 2) . Krobylos maehongsonensis is atypical in that it has an extensive regional distribution and replicate samples from limestone hill ranges c. 500 km apart (Fig. 3) , were robustly monophyletic (Fig. 2) . The remaining species we sampled are characterized by much more restricted geographic ranges and many tip clades (Fig. 2) were composed of inferred sister relationships among geographically proximate (Fig. 3) Abbreviations: CI, consistency index; RI, retention index; TVM: f A , f C , f G , f T , rAC, rAT, rCG, rGT, rAG ϭ rCT (Posada & Crandall, 2001 ), a submodel of GTR (Rodríguez et al., 1990) ; TrN: f A , f C , f G , f T , rAC ϭ rAT ϭ rCG ϭ rGT, rAG, rCT (Tamura & Nei, 1993) ; I, proportional invariant sites; ⌫, gamma-distributed heterogeneity of the substitution rate across site (Yang, 1994) . (Table 1) . In each chart, the pairwise sequence differences (y axis) were plotted against the respective calculated maximum parsimony branch lengths (x axis). Parsimony branch lengths were determined from one of four most parsimonious combined (16S ϩ 28S) trees obtained. Assuming that our analysis recovered the correct phylogeny, those pairwise comparisons free of saturation (multiple substitutions at the same site) are expected to overlay the respective dotted diagonals (Philippe et al., 1994) . In both gene fragments, this expectation is met by only a small minority of the least divergent comparisons.
Possibly our most intriguing result centres on the west-central tip clade of Hypselostoma holimanae, H. panhai and H. erawan (Fig. 2) . H. panhai was the only leaf-litter dwelling species in our Thai gastrocoptine survey and it was sampled within 10 m of the limestone rock surface habitat from which we obtained our specimens of its inferred sister species H. erawan. In terms of general shell morphology, H. panhai is distinct from the other 10 members of the Gyliotrachela/Hypselostoma clade in that it has a pyramidal spire, an adnate terminal whorl and poorly developed/missing apertural barriers (Fig. 4) . In terms of traditional classification guidelines (Table 1) , panhai lacks the diagnostic characterization of either Gyliotrachela or Hypselostoma; however, sculptural details of both the embryonic and adult shell exteriors (Fig. 4) , together with gene tree topological placement ( Fig. 2; confirmed by sequencing multiple H. panhai individuals for both 16S and 28S), support its sister status with the geographically proximate (Fig. 3) H. erawan and H. holimanae.
DISCUSSION
Our Thai gastrocoptine molecular dataset is characterized by high levels of genetic differentiation and homoplasy (Fig. 1) which results in low levels of nodal support throughout much of the resulting phylogenetic treespace (Fig. 2) . This pattern is by no means unique among land snail molecular phylogenetic studies, being also evident in a number of parallel mitochondrial datasets (Thomaz, Guiller & Clarke, 1996; Douris et al., 1998; Thacker & Hadfield, 2000) . Why this should be the case is not yet clear. Thomaz et al. (1996) favoured the hypothesis that land snail population structure (large numbers of demes with low inter-deme migration rates) could act to greatly prolong coalescence times (Slatkin, 1991) , thereby allowing the persistence of ancient, genetically diverse, haplotypes. Accelerated molecular evolution, however cannot be ruled out and estimates of interspecific mitochondrial sequence divergences for many land snail taxa are up to 20 times faster (≥10% per million years) than those of other animal lineages (Chiba, 1999; Hayashi & Chiba, 2000; Thacker & Hadfield, 2000) .
We have no independent temporal reference points to calibrate our observed Thai gastrocoptine divergence data. However, unrooted maximum likelihood trees of our mitochondrial dataset (Fig. 5) demonstrate that members of tip Thai gastrocoptine clades can exhibit equivalent levels of topological definition to interfamilial taxonomic comparisons. This is consistent with the hypothesis that rates of molecular evolution among Thai gastrocoptine 16S mt rDNA are sufficiently high to have largely overwritten the phylogenetic signal in this gene fragment. In an effort to compensate for this, we additionally sequenced a fragment of nuclear 28S, which typically accrues changes more slowly than mitochrondrial 16S (Hillis & Dixon, 1991) , for the study taxa. Unfortunately, the 28S data also showed compelling evidence for saturation (Fig. 1) , did not significantly strengthen internal nodes in the Thai gastrocoptine topology (Fig. 2) , and indicated that the processes underlying rapid loss of phylogenetic signal in land snail molecular evolution may also apply to the nuclear genome. It would seem therefore that molecular phylogeneticists wishing to comprehensively study regional pupillid microsnails face distinct challenges, although the scope for resolving micro-evolutionary questions may be quite promising.
Our primary goal was to test the currently accepted shellbased taxonomy of Thai gastrocopines with molecular phylogenetic gene trees and, in this regard, we obtained mixed results. Although the fit of conchological taxonomy to gene-tree topology is compromised to some degree by the preponderance of weakly supported nodes in the latter (Fig. 2) , the diagnostic apertural lamellar morphologies of the three genera with replicate samples (Gyliotrachela, Hypselostoma and Anauchen) are moderately successful in predicting molecular phylogenetic relationships. Nominal conspecifics of these three genera occupy contiguous sections of treespace. However, all three genera are paraphyletic (Fig. 2) . It is perhaps a little surprising that we did not recover reciprocally monophyletic Gyliotrachela and Hypselostoma clades. Pilsbry (1916-18) was strongly of the opinion that the two genera (distinguished primarily by parietal and angular lamellar morphology) were 'independent derivatives from boysidioid ancestors, their resemblance in shape being due to parallel modifications in both series'. Our sampling strategy was too limited to explicitly test this genealogical hypothesis. However, our data indicate that not only shell shape, but also parietal and angular lamellar morphology are capable of extensive (especially reductive) evolutionary plasticity. For instance, Aulacospira smaesarnensis is firmly nested within an otherwise exclusively Gyliotrachela tip clade (Fig. 2) . However, in addition to a distinctive shell morphology, it contains a highly simplified set of apertural lamellae and completely lacks an angular lamella (Panha & Burch, 2001) . Chiba (1999) found incongruence among phylogenetic relationships and shell-based taxonomy for the land snail Mandarina and concluded that it stemmed from multiple evolutionary transitions in habitat resulting in convergent adaptive changes in shell morphology. We have one apparent example of this process in our Thai gastrocoptine dataset. Hypselostoma panhai occurs in leaf-litter habitats and is a robust sister group to the geographically adjacent limestone rock dweller H. erawan (Fig. 2) . Although sharing protoconch and teloconch sculptural details, these sister taxa differ markedly in shell shape and in apertural lamellar repertoires (Fig. 4) . The placement of H. panhai in our gene trees (Fig. 2) is consistent with an evolutionary transition from an ancestral limestone rock dweller having a free last whorl and well-developed apertural lamellae, including wholly concrescent angular and parietal lamellae. Loss of these ancestral shell characters may have been driven by distinct selective pressures in the new leaf-litter habitat and may be still ongoing for apertural lamellae. Our sample of H. panhai exhibited considerable intrapopulational variation in apertural outline and lamellar development, including individuals bearing single parietal, palatal and columellar lamellae (Fig. 4E) , those having single parietal and palatal lamellae (Fig. 4H) , and (most commonly) specimens having a single reduced parietal lamella (Fig. 4G) . Although the parietal lamella in some H. panhai specimens (Fig. 4H) bears traces of concresence (a possible vestige of the typical Hypselostoma condition?), the unambiguously singular parietal (Fig. 4G) found in most specimens would, according to Pilsbry's (1917) taxonomic hierarchy, place these specimens in the genus Anauchen.
Although interesting, it is difficult to evaluate the general significance of the inferred ancestral H. panhai ecological transition, and associated morphological change, for southeast Asian gastrocoptine taxonomy and systematics. Is this a singular event of limited relevance, or have there been many such cryptic transitions, and if so, are such transitions uni-or bi-directional? Our results do imply, however, that it could be seriously misleading to focus exclusively on the more easily sampled limestone rock gastrocoptine taxa and that a comprehensive sampling of leaflitter lineages is also required to fully flesh out phylogenetic relationships among regional pupillid microsnails.
There is a striking geographical dichotomy among our P. TONGKERD ET AL.
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Figure 3. Distribution map indicating approximate sampling locations of gastrocoptine study taxa within Thailand; see Table 2 studied taxa. Most of the species appear to be endemic to single hills or adjacent hill ranges (Thompson & Lee, 1988; Burch & Panha, 2000; Panha & Burch, 2001; Burch et al., 2002) and to have geographically proximate sister taxa from which they show considerable molecular, as well as morphological, definition (Figs 2, 3 ). This pattern is consistent with tight spatial restrictions on gene flow over cladogenically significant time periods. In sharp contrast, Krobylos maehongsonensis exhibited no significant morphological distinction, and maintained robust molecular monophyly (Fig. 2) , among discrete limestone hill populations c. 500 km apart (Fig. 3) . Its type locality is in Mae Hong Son Province, adjacent to the Myanmar border (Panha & Burch, 1999) , which gives K. maehongsonensis a known collective north/ south range within Thailand of c. 700 km. A similar pattern of morphological (Benthem Jutting, 1950 ) and molecular (Schilthuizen et al., 1999) cohesiveness over an extensive geographic range has been documented for Gyliotrachela hungerfordiana in the karst hills of Malaysia. It would appear that these two species experience fundamentally different patterns of gene flow, colonization and cladogenesis from the bulk of regional karst hill microsnails, although the underlying mechanism(s) [a lack of exclusivity to karst hill habitats? (Schilthuizen et al., 1999) ] remain obscure. Our study was hampered by considerable molecular homoplasy, its restriction to a Thai subsample of southeast Asian gastrocoptine lineages, and the absence of type species. However, some useful pointers emerged for future research on these compelling regional pupillid microsnails. Although Pilsbry's (1917) taxonomic characters have phylogenetic relevance, our results caution against the unquestioned use of apertural lamellar morphology as diagnostic generic characters. Our findings also emphasize the utility of geographically proximate taxa for establishing sister relationships, especially concerning locally endemic species (irrespective of apparent morphological similarity). Widely used mitochondrial and nuclear gene fragments may be of limited utility for broad phylogenetic questions concerning these taxa, but could prove to be very insightful for microevolutionary questions. Finally, researchers of regional MOLECULAR PHYLOGENY OF THAI PUPILLID MICROSNAILS ; apex (C); specimens sampled from the type locality (Burch et al., 2002) . D-F. Views of the leaf-litter species H. panhai's gross shell morphology (D); apertural lamellae (E); apex (F); specimens sampled from the type locality (Burch et al., 2002) . Note the sculptural similarity among the two species in which the predominant detail is the presence of raised spiral threads that are relatively uniformly distributed over the shell surface, a condition also found in the co-clustering (Figs 2, 5), Kanchanaburi co-endemic, H. holimanae (Thompson & Lee, 1988) . Considerable among-individual variation in apertural outline and lamellar development was observed in our H. erawan sample (E, G, H), although the condition depicted in G was the one most commonly encountered.
gastrocoptines should be aware of the potential for ecological transitions followed by profound morphological change. We advise that serious efforts be made to include a comprehensive sampling of both leaf-litter and limestone-rock-dwelling species within the geographic area of interest. 
